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Prior heat stress inhibits apoptosis in adenosine triphosphate- How prior heat stress prevents cell death and the iden-
depleted renal tubular cells. tity of the stress protein(s) involved in this process has
Background. This study tested the following hypotheses: (a) not been elucidated. Although renal ischemia causes cellrenal tubular epithelial cells subjected to transient adenosine
necrosis [1–3], recent studies demonstrate that ischemiatriphosphate (ATP) depletion undergo apoptosis, and (b) in-
can also induce apoptotic cell death [4–8]. Apoptosis hasduction of heat stress proteins (HSPs) inhibits cell death follow-
ing ATP depletion, possibly by interacting with anti-apoptotic been observed in the intact kidney subjected to transient
signal proteins. ischemia [7, 8], in renal allografts [6], and in primary
Methods. To simulate ischemia in vivo, cells derived from proximal tubule cells in culture subjected to graded aden-opossum kidney proximal tubule (OK) were subjected to ATP
osine triphosphate (ATP) depletion without recoverydepletion (5 mm cyanide, 5 mm 2-deoxy-D-glucose, and 0 mm
[5]. Our laboratory recently reported that prior heatglucose) for 1 to 1.5 hours, followed by recovery (10 mm glucose
without cyanide). The presence of apoptosis was assessed by stress improves renal epithelial cell survival after tran-
morphological and biochemical criteria. The effect of prior sient ATP depletion. The results of this study suggested
heat stress or caspase inhibition on apoptosis and cell survival that prevention of cell necrosis might not be the sole orwere assessed.
even the primary mechanism of heat-induced cytoprotec-Results. In the ATP-depleted cell, both Hoechst dye and
tion [3].electron microscopy revealed morphological features that are
typical of apoptosis. On an agarose gel, a “ladder pattern” Several laboratories have shown that prior heat expo-
typical of endonucleosomal DNA degradation was observed. sure [9, 10] and/or the selective accumulation as heat
Prior heat stress reduced the number of apoptotic-appearing stress protein (HSP) 72 inhibits apoptosis [11–15]. Incells, significantly decreased DNA fragmentation, and im-
nonrenal cells, HSP 72 may alter several early events inproved cell survival compared with controls (73.0 6 1% vs.
the apoptotic signal cascade, including nuclear factor kB53.0 6 1.5%; P , 0.05). Two different caspase inhibitors also
improved survival, suggesting that apoptosis is a cause of cell (NF-kB) [12], tumor necrosis factor (TNF) [14], c-myc
death in this model. Compared with ATP-depleted controls, [15], and stress kinases such as JUN-N-terminal kinase
prior heat stress inhibited the pro-apoptotic changes in the (JNK) and p38 [13, 16]. In renal cells, the ratio of Bcl2 andratio of Bcl2 to BAX, proteins known to regulate the apoptotic BAX, protein members of two related proto-oncogeneset point in renal cells. HSP 72, a known cytoprotectant, co-
families, plays a central role in regulating cellular sensi-immunoprecipitated with Bcl2, an anti-apoptotic protein. Prior
heat stress markedly increased the interaction between HSP tivity to numerous apoptotic stimuli [17–19]. Once initi-
72 and Bcl2. ated, apoptosis is executed by relatively few proteins in
Conclusions. Transient ATP depletion causes apoptosis in the cysteine protease family [5, 20]. Caspase activationtubular epithelial cells. Prior HS inhibits apoptosis and im-
leads to the degradation of cellular proteins and DNAproves survival in these cells. Novel interactions between HSP
and is ultimately responsible for producing the morpho-72 and Bcl2 may be responsible, at least in part, for the protec-
tion afforded by prior heat stress against ATP depletion injury. logical features associated with apoptosis. Regulation of
caspases by Bcl2 and BAX has recently been reported,
suggesting that these proteins may also function in the
Key words: cell death, anti-apoptotic signal proteins, tubular epithelial
terminal phases of apoptosis [18, 20]. Interactions be-cells, stress protein, ischemia, renal allograft, adenosine 59-triphosphate,
cytoprotection. tween HSP 72, a known cytoprotectant protein, and ei-
ther Bcl2 or BAX have not been previously reported.Received for publication August 24, 1998
In this study, we determined that transient ATP deple-and in revised form January 19, 1999
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recovery from ATP depletion, characteristic morpholog- ture and were then probed with the HSP 72 antibody
subsequently detected with a horseradish peroxidase-ical and biochemical features of apoptosis were observed.
Prior heat stress significantly reduced the number of based enzyme-linked chemiluminescence system.
apoptotic cells, attenuated the pro-apoptotic changes in
Detection of Bcl2 and BAXBcl2 and BAX content associated with ATP depletion,
and improved cell survival. Inhibition of cell caspases Steady-state content of Bcl2 and BAX was determined
in whole cell lysates obtained from OK cells using rabbitreproduced the protective effects of prior heat stress
against ATP depletion injury. HSP 72, a major cytopro- polyclonal antibodies known to detect these opossum
proteins (2.5 mg/ml; Calbiochem, Cambridge, MA, USA).tectant protein, co-immunoprecipitated with Bcl2 (and
vice versa). Prior heat stress markedly increased the Immunoblot analysis was performed as described for
HSP 72 (discussed earlier in this article). Band densitiesbinding between HSP 72 and Bcl2. These studies suggest
a novel mechanism by which HSPs such as HSP 72 could from a representative study were analyzed using NIH-
Image Quant Software after scanning the blot with aattenuate renal epithelial cell death following an ische-
mic insult. densitometer (Hewlett-Packard, Desk Scan II).
Evaluation of cell morphology by Hoechst staining
METHODS and electron microscopy
Materials To evaluate nuclear morphology, OK cells grown on
cover slips were fixed in 4% paraformaldehyde in phos-All reagents were obtained from Sigma Chemical Co.
(St. Louis, MO, USA) unless otherwise indicated. phate-buffered saline (PBS; pH 7.40 3 15 min at room
temperature) and then incubated with 1.0 mg/ml Hoechst
Cell culture dye #33342 in PBS (pH 7.40 3 10 to 15 min at room
temperature) as previously described [21]. Stained cellsOpossum kidney (OK) cells were obtained from the
American Type Culture Collection (ATCC #CRL-1840; were visualized by fluorescence microscopy (Nikon Opti-
phot, excitation wavelength 348 nm; emission wave-Rockville, MD, USA) and were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM; GIBCO BRL, Grand Is- length 479 nm) and then photographed.
Opossum kidney cells were also prepared for electronland, NY, USA) to which 10% fetal calf serum (FCS)
was added. Cells were used within 72 hours of achieving microscopy (EM) using established methods for this cell
line [22]. Following 1.5 hours of ATP depletion and 3confluence, as assessed by visual inspection with a phase-
contrast microscope. hours of recovery (to permit the onset of apoptosis),
DMEM was removed from OK cells grown to confluence
Adenosine triphosphate depletion in 35 mm Petri dishes. Cells were then fixed in situ with
2.5% glutaraldehyde in 0.15 m sodium cacodylate bufferAdenosine triphosphate content was reduced in OK
cells by exposing the cells to 1 to 1.5 hours of glucose-free (pH 7.40) overnight at 48C. The monolayers were then
washed in cacodylate buffer and postfixed in 2% osmiummedium (DMEM; GIBCO BRL #23800-014) containing
cyanide (5 mm) and 2-deoxy-d-glucose (5 mm). This ma- tetroxide in cacodylate buffer for 30 minutes at 258C.
The cells were dehydrated with ethanol and embeddedneuver reduces ATP content to less than 10% of the
baseline value within 10 minutes and impairs OK cell in epoxy resin (Ted Pella, Inc., Redding, CA, USA).
Thin sections were cut in the vertical plane and stainedsurvival [3]. To permit recovery from ATP depletion,
cells were returned to DMEM containing 10 mm glucose. with uranyl acetate and lead citrate for examination in
the transmission electron microscope. RepresentativeParallel medium changes were made in controls using
glucose-containing DMEM. cells were then photographed.
Evaluation of internucleosomal DNA fragmentationHeat stress and immunological detection of heat stress
protein 72 kDa DNA fragments extracted from control and ATP-
depleted OK cell monolayers of equal size and degreeTo induce HSPs, OK cells were heated to 43 6 0.58C
for 60 minutes in a temperature-regulated incubator, of confluence were subjected to agarose gel electro-
phoresis as previously reported [23]. This method per-followed by incubation at 378C for 12 to 16 hours. These
conditions resulted in optimal induction of HSP 72 kDa mits the physical separation of DNA fragments from
intact chromatin by differential centrifugation. The en-in OK cells [3]. HSP 72 was detected with a mouse
monoclonal antibody specific for this inducible member tire sample from each experimental group (containing
only DNA fragments) was loaded onto a 1.2% agaroseof the HSP 70 family (Amersham, Arlington Heights,
IL, USA) using a method previously published by our gel that contained ethidium bromide. After electropho-
resis, the bands were visualized and photographed underlaboratory [3]. Nitrocellulose membranes were blocked
with 5% nonfat dry milk for one hour at room tempera- ultraviolet light.
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Quantifying DNA fragmentation lysed in 0.1 N NaOH at 258C for 30 minutes. Medium-
containing, detached (dead) cells were collected at theIn a model in which apoptosis is confirmed by morpho-
end of the ATP depletion, after recovery from ATPlogical criteria and DNA exhibits an endonucleosomal
depletion and immediately prior to harvesting thepattern of degradation by agarose gel electrophoresis,
attached cells. All samples were counted in scintillationDNA fragmentation can be used to quantitate apoptosis
fluid. The percentage of surviving cells was calculated[24, 25]. OK cells were pulse labeled with [3H]-thymidine
as [attached cells/(attached 1 detached cells)] 3 100.(3HT) using an established method [23]. This technique
permits separation of labeled DNA fragments from free Caspase inhibition
3HT and 3HT-labeled intact chromatin in both attached
Two cell permeable caspase inhibitors were used to
and detached cells. Uniform numbers of subconfluent
assess the role of caspase(s) in cell death in ATP-
monolayers of cells grown in 12-well trays were incu- depleted renal epithelial cells. Caspase-1 [interleukin
bated with 1 mCi of 3HT in 1 ml DMEM with 10% FCS converting enzyme (ICE)] and caspase-3 (CPP-32) were
for 16 hours in 5% CO2 at 378C and then washed 33 inhibited by 100 mm of YVAD-CHO or DVED-CHO,
with 2 ml PBS at 258C to remove unbound 3HT. After respectively (Calbiochem) [20]. Each agent was added
ATP depletion and following the recovery from ATP to the medium at the onset of ATP depletion and was
depletion, both ATP depletion and recovery media were present during the entire recovery period.
collected and centrifuged (200 3 g for five min at 48C).
To precipitate the DNA fragments and remove free 3HT, Coimmunoprecipitation
0.5 ml of 25% trichloroacetic acid was added to each Harvested cells were resuspended in IP buffer [150
supernatant and incubated overnight at 48C. DNA frag- mm NaCl, 10 mm TRIS-HCl, 1 mm EGTA, 5 mm EDTA,
ments obtained by centrifugation were dissolved in 1% Triton-X-100, 0.5% NP-40, 10 mg/ml phenylmethyl-
NaOH (0.5 ml of 0.1 N). The pellet containing detached sulfonyl fluoride (PMSF), 10 mg/ml aprotinin and apyrase
cells was resuspended in 0.5 ml of TTE lysis solution (10 units/ml), pH 7.4] and then passed through a 25-
[10 mm TRIS-HCl, 1 mm ethylenediaminetetraacetic acid gauge needle. Apyrase and EDTA were added to the
(EDTA), 0.2% Triton X-100] for two hours on ice to lysis buffer to prevent ATP- or Mg-mediated release of
release the labeled DNA fragments. DNA fragments potential binding partners from HSP 72 [26]. After centrif-
ugation (14,000 3 g 3 five min at 48C), 250 mg of totaland intact chromatin were then separated by differential
protein of supernatant were “precleared” with nonim-centrifugation (13,000 3 g for 10 min at 48C). The super-
mune serum (5 ml). Supernatant was incubated overnightnatant was processed by trichloroacetic acid precipita-
at 48C with rabbit, anti-Bcl2 (Calbiochem) antibody (2 mg/tion as described previously here. NaOH was also added
mg protein/ml IP buffer) as the “bait.” Immobilized pro-to dissolve the intact chromatin contained in the pellet.
tein A agarose was added to the solution during the finalAttached cells were incubated with TTE solution (0.5 ml)
two hours of incubation. An agarose pellet was obtainedand then harvested by gentle scraping with a rubber
by centrifugation and then washed for five minutes withpoliceman. Free 3HT 1 3HT-labeled DNA fragments
high-stringency buffer [0.1% sodium dodecyl sulfate, 1%and 3HT-labeled chromatin were separated as described
deoxycholic acid, 0.5% Triton X-100, 20 mm TRIS-HCl,for detached cells. Prior to counting, scintillation cocktail
120 mm NaCl, 25 mm KCl, 5 mm EDTA, 5 mm EGTA,was added to each sample. The percentage of DNA
0.1 mm dithiothreitol (DTT; “HS-B”)] with 1 m sucrose,fragmentation was calculated as follows: [DNA frag-
pH 7.5. Samples were then washed in a high-salt bufferments/(DNA fragments 1 intact DNA)] 3 100.
(HS-B 1 1 m NaCl). A final wash in low-salt buffer (2
mm EDTA, 0.5 mm DTT, 10 mm TRIS-HCl, pH 7.5) wasCell survival
performed. Samples were mixed with 2 3 sample buffer
The number of surviving cells was estimated by count- in preparation for 12% SDS-PAGE. Immunoblot analysis
ing [3H] in thymidine-labeled cells subjected to ATP for HSP 72 was performed as described earlier in this
depletion with recovery. This assay separates dead from article.
alive cells and is not confounded by the potential effect
of cell proliferation on the number of surviving cells. Protein assay
Subconfluent monolayers of OK cells were labeled with Protein concentrations were determined from a colori-
3HT as detailed earlier here. Cells were subjected to 1.5 metric dye binding assay (BCA Assay; Pierce, Rockford,
hours of ATP depletion followed by recovery for 1.5 to IL, USA) and are expressed in milligrams protein per
2 hours. To separate dying (but attached) cells from milliliter.
viable ones, cells were briefly trypsinized. Trypsin was
Statistical analysisneutralized with fresh DMEM containing 10% FCS. The
cells were replated and then incubated for 14 to 16 hours Data are expressed as the mean 6 se. When two experi-
mental groups were compared, analysis was performedat 378C in the presence of 5% CO2. Attached cells were
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by an unpaired, two-tailed Student’s t-test. Comparison minimal and not significantly different between controls
of three or more experimental groups was performed by and previously heated cells (3.7 6 0.22 vs. 3.4 6 0.07%,
analysis of variance using the Fisher test. A P value of respectively, N 5 6, P . 0.05; Fig. 4). In control cells,
less than 0.05 was considered significant. Analysis was progressive ATP depletion (1 to 1.5 hr) was associated
performed with standard statistical software (Statview 4.1; with a stepwise increase in DNA fragmentation from 13
Abacus Concepts, Berkeley, CA, USA). to 20%. Prolonging ATP depletion to three or more
hours resulted in less DNA fragmentation (compared
with 1 to 1.5 hours of injury) and produced morphologyRESULTS
characteristic of cellular necrosis (data not shown). In
Morphology of adenosine triphosphate-depleted contrast to controls, previously heated cells exhibited
opossum kidney cells significantly less DNA fragmentation after 1 or 1.5 hours
Opossum kidney cells recovering from transient ATP of ATP depletion (P , 0.05 for control vs. heat stress
depletion exhibited apoptosis after evaluation by Hoechst at each time point, N 5 6; Fig. 4). Although DNA frag-
staining and EM. A low level of background staining mentation in control cells increased by 7% (from 13
was observed in the nuclei of controls and in previously to 20%) between 1 and 1.5 hours of ATP depletion,
heated cells exposed to Hoechst dye (Fig. 1A, B). Imme- fragmentation increased by only 1% (from 8 to 9%)
diately after 1.5 hours of ATP depletion, nuclei appeared in previously heated cells under the same conditions.
smaller, and the staining was modestly increased in both Compared with control OK cells subjected to 1.5 hours
experimental groups (Fig. 1C, D). During recovery from of ATP depletion, prior heat stress reduced DNA frag-
ATP depletion, numerous control cells showed marked mentation by 50%.
condensation of nuclear chromatin with nuclear frag-
mentation (Fig. 1E). At a higher magnification, nuclear Effect of prior heat stress or caspase inhibitors on
fragments or “apoptotic bodies” were observed in these cell survival
control cells (indicated by arrows, Fig. 1G). In contrast Heat stress markedly increased the steady-state con-
to controls, positive staining was much less marked in tent of HSP 72, a known cytoprotectant (Fig. 5B) and
the previously heated cells (Fig. 1F). improved cell survival after ATP depletion (Fig. 5). After
By transmission EM, control OK cells (ATP replete) 1.5 hours of ATP depletion and 2 hours of recovery and
demonstrated an elongated shape typical of epithelial
passage, only 53.0 6 1.5% of control cells remained
cells. Nuclear membranes were intact. Chromatin was
viable. In contrast, 73.0 6 1% of previously heated cellsdiffusely distributed within the nucleus, and cell–cell
subjected to ATP depletion were viable (P , 0.05,contact at the tight junction (TJ) was well preserved (Fig.
N 5 6). To evaluate the role of caspase(s) in cell injury2A). After ATP depletion, the cells were smaller and
in this model, CVED-CHO and DVED-CHO were usedmore rounded and exhibited condensed nuclear chroma-
to inhibit caspase-1 and caspase-3, respectively. Bothtin (Fig. 2B). Multiple, membrane-bound fragments
inhibitors significantly improved survival after ATPcharacteristic of apoptotic bodies were visible. Apoptotic
depletion compared with controls (P , 0.05, N 5 6 eachbodies could be observed within the cytosol of healthy
group). The improvement in cell survival associated withappearing cells (Fig. 2C, dark arrow). This suggests that
either inhibitor was similar in magnitude to that affordedsurviving renal epithelial cells participate in the clearance
by prior heat stress (P . 0.05).of apoptotic cell fragments.
Effect of adenosine triphosphate depletion onDNA ladder formation
cellular Bcl2 and BAX contentThe degree of DNA fragmentation markedly differed
Western blot analysis of Bcl2 and BAX content wasin control and ATP-depleted cells. Almost no DNA frag-
performed on whole cell lysates obtained from controlments were detected in the sample obtained from control
or previously heated OK cells under three conditions:cells (Fig. 3, left lane). In contrast, DNA fragments were
pre-ATP depletion, post-ATP depletion (1.5 hr), andreadily detected in OK cells subjected to 1.5 hours of
after ATP depletion 1 recovery (1.5 hr each). In controlATP depletion followed by 3 hours of recovery (Fig. 3,
cells, both ATP depletion and ATP depletion 1 recoveryright lane). Degradation of these fragments into progres-
were associated with a progressive decrease in Bcl2 con-sively smaller pieces (differing by 180 to 200 kB in size)
tent (Fig. 6, lane 1 vs. lanes 2 and 3, upper left panel). Inis characteristic of the endonucleosomal DNA cleavage
contrast to the decrease in Bcl2, BAX content increasedobserved in apoptotic cells [25].
during recovery from ATP depletion (Fig. 6, lane 1 vs.
Effect of prior heat stress on DNA fragmentation lane 3, lower left panel). These changes in Bcl2 and BAX
after adenosine triphosphate depletion would be expected to promote apoptosis, as reflected
by a fall in the normalized Bcl2:BAX ratio (Fig. 6), anDNA fragmentation, expressed as the percentage (%)
of DNA present as 3HT-labeled DNA fragments was important determinant of the “apoptotic set point” in
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Fig. 1. Adenosine triphosphate (ATP) depletion induces apoptosis. Opossum kidney (OK) cells grown to confluence on glass cover slips were
stained with Hoechst dye #33342. (A) Control cells. (B) Previously heated cells. (C) Control. (D) Previously heated cells after 1.5 hours of ATP
depletion. (E) Control. (F) Previously heated cells after 1.5 hours of ATP depletion with 1.5 hours of recovery. (G) Control cells identical to (E)
shown at higher power exhibit the characteristic features of apoptosis including condensed, brightly stained nuclear chromatin. Some cells show
multiple small, apoptotic bodies (indicated by arrows) that represent fragmented cellular material. The focal plane selected for (E) and (F)
emphasize the apoptotic cells. All panels are a magnification of 3200, except panel G (3400).
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Fig. 1. (continued).
renal cells. Heat stress per se had a minimal effect on than 50% of the pre-ATP depletion value in previously
heated cells.either steady-state Bcl2 or BAX content. Compared with
ATP-depleted control cells, prior heat stress ameliorated
Heat stress protein 72 coimmunoprecipitates with Bcl2or prevented the pro-apoptotic changes in steady-state
Bcl2 and BAX content (upper right and lower panels) Heat stress protein 72 was readily detected in Bcl2
and preserved the Bcl2:BAX ratio. In control cells, 1.5 immunoprecipitates obtained from both control and pre-
hours of ATP depletion was associated with a 50% de- viously heated OK cells subjected to ATP depletion (Fig.
crease in the Bcl2:BAX ratio, a change that favors apop- 7, upper panel), demonstrating that the two proteins
tosis. In contrast, the Bcl2:BAX ratio was preserved in bind to one another. Densitometric analysis of the major
ATP-depleted cells exposed to prior heat stress. During immunoreactive bands revealed that prior heat stress
was associated with a 5.5-fold increase in the bindingrecovery from ATP depletion, the Bcl2:BAX ratio fell
to less than 10% of the baseline value in control cells. between HSP 72 and Bcl2 (Fig. 7, lanes 4 to 6) compared
with controls (Fig. 7, lanes 1 to 3, P , 0.005, N 5 3).In contrast, the Bcl2:BAX ratio was maintained at more
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Fig. 2. ATP depletion induces morphologic features of apoptosis. OK cells grown on petri dishes were evaluated by electron microscopy. (A)
Control cells (magnification 312,200). (B) Cells recovering from transient ATP depletion as well as apoptotic bodies (AB) exhibit marked rounding
and condensation of nuclear chromatin. Organelle and cell membrane are intact (magnification 37400). (C) Some apoptotic bodies (dark arrow)
localized within the cytosol of normal-appearing epithelial cells, suggesting that apoptotic cells may undergo phagocytosis (magnification 312,200).
The marked enrichment in HSP 72 in these immunopre- that milder forms of cell injury cause apoptosis, whereas
more severe injury precipitates necrosis [5, 25, 28]. Thecipitates obtained from previously heated cells (upper
mechanism of cell death appears to be determined, atpanel) cannot be attributed to changes in the amount
least in part, by the severity of ATP depletion [5].of immunoprecipitable Bcl2, because Bcl2 was slightly
In this study, renal epithelial cells subjected to tran-reduced in these immunoprecipitates (Fig. 7, lanes 1 to
sient ATP depletion exhibited both morphological and3 vs. lanes 4 to 6, lower panel). Bcl2 was also detected
biochemical features that are characteristic of apoptosis.in immunoprecipitates obtained with antibody directed
Prior heat stress ameliorated apoptosis caused by ATPagainst HSP 72 (data not shown).
depletion. Fewer Hoechst-positive cells and apoptotic
bodies were observed in previously heated cells com-
DISCUSSION pared with controls (Fig. 1, E vs. F). Prior heat stress
Although ischemia-induced necrosis of renal epithelial significantly decreased DNA fragmentation after ATP
cells is well established [1, 27], apoptosis is increasingly depletion by half (from 19 to 9%, P , 0.05; Fig. 4)
recognized as an important mechanism of cell death and and improved cell survival (53 vs. 73%, P , 0.05). The
organ dysfunction [5, 7, 8, 19, 25, 29]. Apoptosis has been importance of apoptosis as a cause of death in ATP-
reported after transient renal ischemia in vivo [7, 8], in depleted renal epithelial cells is also supported by the
renal allografts subjected to transient ischemia during observation that two different caspase inhibitors, known
harvesting [6], and after ATP depletion in proximal tubu- to prevent the execution phase of apoptosis [11, 20, 25],
improve cell survival (Fig. 5). This “modest” reductionlar cells in vitro [5, 25]. Recent in vitro evidence suggests
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Fig. 2. (continued).
in apoptosis associated with heat stress or caspase inhibi- depletion (99 vs. 55% of the baseline ratio, respectively;
Fig. 6). During recovery from ATP depletion, thetion has important physiological implications. A rate of
tissue regression as rapid as 25% per day can result from Bcl2:BAX ratio remained relatively anti-apoptotic com-
pared with control, ATP depleted cells (55 vs. 8% of theapoptosis in only 2 to 3% of cells per hour [30, 31].
Because apoptotic cells have a short half-life, due in part baseline ratio). Because Bcl2 prevents apoptosis, it is
more likely that the protective effects of heat stress areto phagocytosis by healthy neighboring cells (Fig. 2C),
studies such as ours are likely to underestimate apoptotic due to interactions between HSPs and Bcl2.
Of the inducible HSPs, HSP 72 kDa has been mostcell death [25, 28].
In our model, transient ATP depletion produced closely associated with cytoprotection against ischemia/
ATP depletion injury in vitro [34–37], as well as in themarked and opposing changes in Bcl2 and BAX content,
two proteins known to regulate the sensitivity to pro- transgenic mouse in vivo [38]. This resistance to cell
death could be due to interactions between HSP 72 andapoptotic stimuli (Fig. 6). A reduction in Bcl2, an anti-
apoptotic factor, coupled with an increase in BAX, a anti-apoptotic proteins such as Bcl2. Although HSP 72
was recently described as a “Bcl2-like” anti-apoptoticpro-apoptotic factor, strongly favors apoptosis [2, 18, 32].
Similar pro-apoptotic changes in Bcl2 and BAX content factor [11], a direct interaction between HSP 72 and
Bcl2 has not been reported. This study suggests a novelwere recently reported in the postischemic rat brain [33].
In that study, surviving cells bordering the region of interaction between HSP 72 and Bcl2 (Fig. 6). Binding
of HSP 72 to Bcl2 was observed when antibody directedmaximal tissue injury exhibited increased Bcl2 content,
whereas BAX was increased in apoptotic appearing cells against either protein was used to obtain the initial im-
munoprecipitate. The association between HSP 72 and[33]. In this study, prior heat stress prevented the pro-
apoptotic change in the Bcl2-BAX ratio during ATP Bcl2 was increased by 5.5-fold in previously heated renal
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Fig. 2. (continued).
cells. Direct interaction between HSP 72, a protein chap- depleted renal epithelial cells, prior heat stress, plus cas-
pase inhibition provided similar improvements in sur-erone capable of repairing partially denatured proteins
[11], and Bcl2, an anti-apoptotic protein, could explain, vival (Fig. 5). This might be expected if Bcl2 acted primar-
ily as a caspase inhibitor [10, 41] or if HSP 72 directlyat least in part, the resistance to cell death associated
with prior heat stress. suppressed caspase-3–like proteases, as has been re-
cently proposed [14].How Bcl2 or BAX regulates apoptosis is presently
under investigation. Bcl2 and BAX are known to form Given its localization within mitochondria and its role
in preventing cytochrome c release, preservation of Bcl2homodimers, neutralizing the pro-apoptotic effect of
BAX. In contrast, when BAX is present in relative ex- by HSP 72 could account for the virtually complete pro-
tection of mitochondrial ATP production after severecess, it forms a pro-apoptotic homodimer [32]. Bcl2 local-
izes to mitochondrial, nuclear, and endoplasmic reticu- hyperthermia [34] or ATP depletion [3] in previously
heated renal epithelial cells. Mitochondrial protectionlum membranes where it prevents the BAX-mediated
opening of injurious membrane channels [18, 32, 39]. In may be central to improved cell survival because mito-
chondrial integrity is a critical determinant of whethersome cells, the opening of these channels permits the
release of release of cytochrome c and subsequent cas- cells ultimately undergo apoptosis [40, 42].
In this model, prior heat stress improves cell survivalpase activation [40]. Bcl2 has also been reported to ex-
hibit anti-oxidant properties [41], to prevent membrane after brief ATP depletion, at least in part, by inhibiting
apoptosis. We suggest that prior heat stress amelioratesdegradation by endogenous proteases, to inhibit DNA
degradation by endonucleases, and to suppress the acti- the pro-apoptotic changes in Bcl2 and BAX known to
regulate the “cell death pathway” in these cells. HSP 72vation of caspase-3, an ICE-like protease activated as a
terminal execution phase of apoptosis [10, 11]. In ATP- may play an important role in this process, perhaps by
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Fig. 3. ATP depletion induces DNA ladder formation. DNA fragments Fig. 4. DNA fragmentation after ATP depletion. DNA fragments were
harvested from OK cells were separated on a 1.2% agarose gel to harvested as described in Figure 3. [3H]-thymidine was used to quanti-
evaluate DNA fragment size. Control cells (C, lane 1) exhibit no DNA tate DNA fragmentation visualized by agarose gel electrophoresis in
fragmentation. OK cells subjected to 1.5 hours of ATP depletion fol- control (h) and previously heated (j) OK cells subjected to ATP
lowed by three hours of recovery show DNA “laddering” characteristic depletion (0 to 1.5 hr) with three hours of recovery as described in the
of apoptosis (lane 2). Molecular weight markers are shown (lane 3). Methods section. Data represent mean 6 se (the error bars are too
small to be seen; N 5 6; *P , 0.05 for control vs. heat stress).
Fig. 5. Effect of prior heat stress and caspase inhibitors on opossum kidney (OK) cell survival after ATP depletion. (A) Confluent monolayers
of OK cells were subjected to 1.5 hours of ATP depletion followed by 3 hours of recovery. The number of surviving cells was measured (as
detailed in the Methods section) in the following experimental groups: ATP-replete controls (h); ATP-deplete cells (j); ATP deplete 1 heat
stress ( ); ATP deplete 1 caspase-1 inhibitor ( ; 100 mm YVAD-CHO), and ATP deplete 1 caspase-3 inhibitor ( ; 100 mm DVED-CHO). †P
, 0.05 for control vs. ATP deplete; *P , 0.05 compared with ATP deplete (analysis of variance, N 5 6 for each group). Data are expressed as
the mean 6 se. Some se symbols are too small to be seen. (B) Immunoblot analysis shows that heat stress markedly increases the steady-state
content of HSP 72 in these cells.
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Fig. 6. Effect of prior heat stress on the Bcl2
and BAX. Steady-state Bcl2 and BAX content
were measured by immunoblot analysis imme-
diately before ATP depletion, after 1.5 hours
of ATP depletion, and after 1.5 hours of recov-
ery in control (left-hand panels) and pre-
viously heated cells (right-hand panel). The
Bcl2:BAX ratio, a determinant of the apop-
totic set point [2, 18, 19], was calculated from
densitometric measurements of each major
immunoreactive band in a representative ex-
periment. The ratio is expressed as a percent-
age of the pre-ATP depletion Bcl2:BAX ratio.
A lower ratio is pro-apoptotic. Each lanes con-
tains 10 mg of total protein.
Fig. 7. Detection of HSP-72 and Bcl2 in im-
munoprecipitates. (Upper panel) HSP 72 con-
tent in immunoprecipitates obtained with an-
tibody directed against Bcl2 in both control
(lanes 1 through 3) and previously heated cells
(lanes 3 through 6). Samples were obtained
before ATP depletion (“pre-ATP deplete”),
immediately after 1.5 hours of ATP depletion
(“ATP deplete”), or after 3 hours of recovery
(“post-ATP deplete”). (Lower panel) Bcl2
content in immunoprecipitates obtained with
Bcl2 antibody (performed on the same mem-
brane as shown in the upper panel). Both HSP
72 and Bcl2 were detected in whole cell lysates
obtained from control OK cells (lane 7, both
panels, enclosed by the open box).
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stress proteins such as HSP 72 and signal events in the
apoptotic cascade may ultimately improve our ability Reprint requests to Steven C. Borkan, M.D., Renal Section, Evan’s
Suite #434, Boston Medical Center, 88 East Newton Street, Boston,to prevent or attenuate ischemic renal cell injury and
Massachusetts 02118-2393, USA.accelerate repair. Effective suppression of apoptosis in
E-mail: sborkan@bu.edu
vivo can be expected to improve organ recovery after
an ischemic insult [6–8, 13, 25, 28].
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